) were analyzed. In two 24-week trials, patients received liraglutide 0.9 mg (n = 268) or glibenclamide 2.5 mg (n = 132; trial A), or liraglutide 0.6, 0.9 mg (n = 176) or placebo (n = 88) added to previous sulfonylurea therapy (trial B). Results: Liraglutide was associated with improved glycemic control vs sulfonylurea monotherapy or placebo. In liraglutide-treated groups in trials A and B, area under the curve (AUC) insulin 0-3 h was improved (P < 0.001 for all) and the AUC insulin 0-3 h : AUC glucose 0-3 h ratio was increased (estimated treatment difference [liraglutide-comparator] 0.058 [0.036, 0.079]). HOMA-B significantly increased with liraglutide relative to comparator in trial B (P < 0.05), but not in trial A. The reduction in fasting proinsulin:insulin ratio was 50% greater than in comparator groups. Conclusions: In Japanese type 2 diabetes patients, liraglutide was associated with effective glycemic control, restoration of prandial insulin response and indications of improved b-cell function. This trial was registered with Clinicaltrials.gov (trial A: no. NCT00393718/ JapicCTI-060328 and trial B: no. NCT00395746/JapicCTI-060324). (J Diabetes Invest,
INTRODUCTION
Diabetes is increasing in Japan to levels that are comparable with those of other countries, and a recent publication reported that the number of individuals 'strongly suspected of having diabetes' in Japan was approximately 8.9 million in 2007 1 . Type 2 diabetes is characterized by impaired b-cell function and insulin resistance. The increasing rate of diabetes in Japan probably reflects a complex interplay between genetic and environmental factors, including an increasingly Westernized diet, a more sedentary lifestyle and the 'thrifty' genotype characteristic of many Japanese people 2 . Compared with other ethnic populations, Japanese patients with type 2 diabetes show markedly reduced basal and impaired early-phase insulin secretion, but lower indices of insulin resistance 3 . Accordingly, body mass index (BMI), which has a positive correlation with insulin resistance, is generally lower in Japanese type 2 diabetes patients, with a mean BMI of 24 kg/m 2 , compared with 27-30 kg/m 2 and >30 kg/m 2 in European and US patients, respectively 3 . In summary, these observations suggest that b-cell failure might play a relatively greater part than insulin resistance in the pathophysiology of type 2 diabetes in Japanese people. This might be a result of loss of b-cell mass or function.
In Japan, sulfonylureas (SU) are widely used either as monotherapy or in combination with other oral antidiabetic drugs (OAD) to treat type 2 diabetes. In a cross-sectional study of 17,000 Japanese type 2 diabetes patients, 72-78% on oral therapy were using SU 4 . This is consistent with the known etiology of the disease in this population, where the key feature appears to be insufficient insulin secretion 3 . The A Diabetes Outcome Progression Trial (ADOPT) study showed that treatment efficacy of glyburide (also known as glibenclamide) waned with successive treatment years 5 . Whereas glyburide improved b-cell function to almost normal levels within 6 months of initiation, the effect then decreased and b-cell function declined to below baseline level. Inukai et al. 6 reported that homeostasis model assessment of b-cell function (HOMA-B) gradually decreased over time after a transient improvement during 5-year treatment with glibenclamide in Japanese type 2 diabetes patients. This paradoxical effect might result from increased b-cell stress accelerating b-cell apoptosis, as well as the natural decline in b-cell function associated with disease progression 7 . An alternative explanation is that desensitization to SU occurs, in which case, the state of decreased b-cell function might be reversible 7 . Among the newer treatments for type 2 diabetes are the incretin-based therapies that include the glucagon-like peptide-1 receptor (GLP-1R) agonists and dipeptidyl peptidase-4 inhibitors (DPP-4i), which exert their actions through potentiation of incretin receptor signaling. GLP-1R agonists control blood glucose through regulation of islet function, principally with the stimulation of insulin and inhibition of glucagon secretion 8 . Liraglutide (Novo Nordisk A/S, Bagsvaerd, Denmark) is a once-daily, human GLP-1R agonist. GLP-1R agonists are glucose-dependent insulin secretagogues, but their mechanism of action and target receptors on the b-cell differ from SU. Response to physiological levels of GLP-1 is reduced in type 2 diabetes patients; pharmacological levels of native GLP-1 or GLP-1 analog therapy can restore this response 9 . In clinical trials, in predominantly Caucasian populations, treatment with GLP-1R agonists is associated with sustained improvements in glycemic control, weight reduction and low hypoglycemia risk 10 . In clinical trials in European and US populations, GLP-1R agonists have shown favorable effects on several parameters of b-cell function 11 . In animal models, exposure to GLP-1 is associated with an increase in b-cell mass 12 . In contrast to SU, it is therefore possible that GLP-1R agonists might limit the progressive loss of b-cell function.
It is of clinical interest to determine whether the beneficial effects of liraglutide on b-cell function evident in other populations could also provide clinical benefits in Japanese patients, and if these benefits could be sustained for longer periods than are achievable with SU. The results of glycemic control parameters, such as glycated hemoglobin [HbA 1c ], fasting plasma glucose (FPG), postprandial glucose (PPG) and seven-point selfmonitored plasma glucose, as well as safety data, have been reported for two clinical trials with Japanese type 2 diabetes patients receiving liraglutide, either as monotherapy in one trial or added on to SU therapy in the other trial, for 24 weeks 13, 14 . Here, we report the short-term effect of liraglutide on b-cell function in these trials.
MATERIALS AND METHODS
Adult Japanese type 2 diabetes patients were screened and enrolled in one of two double-blind, multicenter, randomized, parallel-group clinical trials (trial A or B) if they were ‡20 years of age, with HbA 1c ‡7.4 to <10.4% and BMI <35 13, 14 . Patients were to be on diet and OAD (trial A: ±OAD monotherapy -biguanide, sulphonylamide, SU [£50% approved dose in Japan], a-glucosidase inhibitor, insulin secretagogue or insulin sensitizer, within approved Japanese dose ranges; trial B: SU monotherapy -glibenclamide 1.25-10 mg/day, gliclazide 40-160 mg/day or glimepiride 1-6 mg/day). Patients with clinical conditions likely to interfere with the conduct of the trial were excluded. Trials were carried out in accordance with the Declaration of Helsinki 15 , with informed consent of patients and approval of relevant ethics committees.
In trial A (24 weeks; n = 411), patients were randomized (2:1) to once-daily liraglutide (0.9 mg) or once-or twice-daily glibenclamide (1.25-2.5 mg). In trial B (24 weeks; n = 267), patients continued SU treatment (glibenclamide [1.25-10 mg], gliclazide [40-160 mg] or glimepiride [1-6 mg]), and were randomized to one of two daily doses of liraglutide (0.6 or 0.9 mg), or placebo. In trial A, a 4-6 week run-in/screening period preceded a 2-week dose-escalation period followed by a 22-week maintenance period. In trial B, a screening visit was followed by a start-of-treatment visit after 4 weeks, a 2-week dose-escalation period and a 22-week treatment period.
Patients in trial A were stratified by pretreatment therapy (±OAD) and, in trial B, according to type of SU. In both trials, liraglutide was initiated with 0.3 mg during week 1 and increased weekly (in 0.3 mg increments) to the final dose to minimize gastrointestinal side-effects. Randomization lists were prepared by the contract research organization responsible for the study, Transcosmos Inc. (Tokyo, Japan). This organization also ensured that liraglutide was unidentifiable from placebo, blinded trial products and randomized patients, and informed the investigator and sponsor of randomization numbers. Dynamic allocation was used to guarantee a balanced allocation within strata of pretrial treatment. Randomization codes were maintained in sealed conditions until broken according to schedule. Liraglutide was given by subcutaneous injection in the abdomen using a prefilled pen once daily in the morning or evening in the upper arm, abdomen or thigh. Injections were to be given at the same time every day.
The primary outcome measure in all trials was HbA 1c at the end of the trial (expressed by National Glycohemoglobin Standardization Program values). Secondary end-points included seven-point self-measured PPG profiles, FPG, glucose homeostasis-related parameters (fasting insulin, proinsulin, C-peptide, glucagon, postprandial insulin and glucagon). These end-points have been reported elsewhere. Secondary end-points reported here include measures of HOMA-B index, proinsulin:insulin ratio and proinsulin:C-peptide ratio.
A meal test (Japanese-style breakfast) was also carried out at baseline and 24 weeks. For each individual patient, the content of the meal was identical at these time-points. The meal test was standardized within each site, but differed across sites. Plasma glucose, insulin, glucagon, fasting proinsulin and C-peptide were measured. Intact proinsulin concentrations were determined by enzyme-linked immunosorbent assay, based on anti-proinsulin monoclonal antibodies (IBL; Immuno-Biological Laboratories, Hamburg, Germany). Human insulin does not cross-react in this assay. Within a concentration range of 5-500 pmol/L, proinsulin Des 64-65 cross-reacted with frequencies of 53-65%.
All analyses were carried out by a central laboratory (Mitsubishi Kagaku BCL Inc., Tokyo, Japan), except the seven-ª 2012 Asian Association for the Study of Diabetes and Blackwell Publishing Asia Pty Ltd point plasma glucose profile, which was measured before and approximately 2 h after each meal and at bedtime by self-monitoring using standardized glucose meters (Glutest Ace; Glutest PRO, Sanwa-Kagaku, Nagoya, Japan; Glucocard Diameter or Glucocard Diameter a; Arkray KDK Corp., Kyoto, Japan) before the start of treatment and at study end. b-cell function was assessed using the HOMA-B index, where HOMA-B = 360 · fasting insulin/(FPG ) 63) and units of insulin and glucose were lU/mL and mg/dL, respectively. For insulin and glucagon (meal test), the area under the curve (AUC) was calculated using the trapezoidal rule. 
Statistical Analysis
Efficacy end-point analyses included data from all patients who were randomized and received trial product with efficacy data. Safety analyses included all patients who received trial drugs. Primary and secondary end-points were analyzed using an analysis of variance (ANOVA) model, with treatment group and stratification factor as fixed effects and baseline value as a covariate. An ad hoc analysis, AUC insulin 0-3 h :AUC glucose 0-3 h , was carried out using ANOVA model with trial (A or B) and treatment group (liraglutide or comparator) as fixed effects and corresponding baseline values as covariate. In trial A, sample size calculation was based on 1.2% common standard deviation (SD) for both treatments, and 0.0% true difference in HbA 1c at 80% power, a non-inferiority margin for HbA 1c of 0.4% at a significance level of 2.5%. The sample size calculation in trial B was based on a mean difference of 0.6% in HbA 1c between 0.9 mg + SU and placebo + SU after 24 weeks, with a SD of 1.2 and 80% power.
RESULTS
Baseline demographics, patient characteristics and patient disposition are shown in Table 1 . No baseline differences were noted between the trials.
All liraglutide doses reduced mean HbA 1c relative to comparator. In trial A, HbA 1c was reduced by 0.50% points with liraglutide relative to glibenclamide, whereas in trial B, mean HbA 1c was 1.00 and 1.27% points lower than placebo in the 0.6 and 0.9 mg liraglutide treatment groups, respectively. Significant improvements in all other measured parameters of glycemia (FPG, PPG and self-monitored plasma glucose) were also reported in each trial (data not shown).
No major hypoglycemic events were reported, and liraglutide was well tolerated across both trials. In trial A, the overall rate of hypoglycemia (episodes/subject-year of exposure) was significantly lower in liraglutide-than glibenclamide-treated patients (0.8 vs 5.5; P < 0.0001). In trial B, the number of all hypoglycemic episodes was higher in the 0.6 and 0.9 mg/day liraglutide + SU groups than in the placebo + SU monotherapy group (P = 0.0159 and P = 0.0085, respectively).
Insulin levels in the 3-h post-breakfast period (AUC insulin 0-3 h ) were higher with liraglutide than with the comparator in both trials (Figure 1a) . AUC insulin 0-3 h was significantly higher at week 24 (last observation carried forward [LOCF]) in liraglutidetreated groups than in the glibenclamide group (P = 0.0165; trial A) or placebo + SU group (P < 0.0001; trial B; Figure 1a) .
The AUC insulin 0-3 h :AUC glucose 0-3 h ratio was increased from baseline values (0.06-0.09) by more than 40% with liraglutide (0.14-0.16) relative to comparators (0.09-0.11) in both trials. The estimated mean (95% confidence interval [CI]) treatment difference for AUC insulin 0-3 h :AUC glucose 0-3 h after Fasting glucagon levels and AUC glucagon 0-3 h at week 24 (LOCF) in the liraglutide group were significantly lower than in the glibenclamide group (trial A), but not different to the SU monotherapy groups (trial B; Table 2 and Figure 1b) . Fasting insulin was similar between liraglutide-and comparator-treated patients (Table 2) in both trials. End-of-study fasting C-peptide levels were significantly higher in liraglutide + SU-treated patients than in those on placebo + SU in trial B (P = 0.0017), but there was no significant difference between liraglutide-and glibenclamide-treated patients in trial A. The estimated mean of fasting proinsulin at trial end was significantly lower in liraglutide-than glibenclamide-treated patients in trial A (P < 0.0001), and was not significantly different for patients on liraglutide + SU and placebo + SU in trial B ( Table 2) .
In trial B, the estimated treatment difference ([liraglutide + SU] ) [placebo + SU]) in HOMA-B index was significant for both doses of liraglutide (P = 0.047 and P = 0.0012 for 0.6 and 0.9 mg, respectively). No significant between-treatment difference at the end of trial in HOMA-B was observed in trial A (glibenclamide 34.9%; liraglutide 39.0%; P = 0.0997; Table 3 ).
Decreases in the proinsulin:insulin ratio from baseline (baseline of 1.79-2.15 across all groups) for liraglutide-treated groups (decrease of 0.65-0.87 across all groups) were greater than in SU-treated groups (decrease of 0.15-0.26), resulting in lower values for the liraglutide-treated group than for the comparator or placebo-treated group at week 24. Reduction in the proinsulin:C-peptide ratio from baseline (baseline of 4.09-4.76 across groups) was also greater in liraglutide-treated groups (decrease of 1.24-1.61) than in SU-treated patients (decrease of 0.06-0.55).
DISCUSSION
The present report shows that 24 weeks' treatment with liraglutide provides a significant improvement in b-cell function in Japanese type 2 diabetes patients. Additionally, liraglutide was associated with significantly greater improvements in key parameters of glycemia, namely HbA 1c , FPG, PPG and sevenpoint self-monitored plasma glucose, than comparators, and these results have been reported elsewhere 13, 14 . As previously described, liraglutide resulted in weight loss or no weight gain in Japanese patients. The overall improvement of glycemic control with 0.9 mg liraglutide seen in Japanese populations was not different to that observed with 1.2 mg liraglutide in non-Japanese populations 13, 14, 16 . Indirectly, these observations suggest that different degrees of SU insensitivity rather than b-cell apoptosis are responsible for the failure of pretrial treatment in Japanese type 2 diabetes patients. Although SU and liraglutide have powerful insulinreleasing effects on b-cells, they exert their effect through separate, independent receptors 17, 18 . GLP-1R exist in the b-cell plasma membrane, and receptor interaction leads to mobilization and exocytosis of insulin-containing granules 19 . This action is strictly glucose-dependent. In contrast, SU stimulate insulin secretion by closing b-cell adenosine-5¢-triphosphate-sensitive potassium channels (K ATP ) through binding to SU receptor 1 (SUR1) and, according to recent evidence, by activating the cyclic adenosine monophosphate (cAMP) sensor exchange protein activated by cAMP -with the exception of gliclazide -also through direct binding 17 . These events are not glucose-dependent. The differences in b-cell function reported here should, however, be considered in respect to the different levels of glycemic control achieved with liraglutide vs comparators. Recently, it has been shown that GLP-1R agonists can improve impaired glucose metabolism in diabetic pancreatic b-cells, resulting in an increase in adenosine-5¢-triphosphate (ATP) production 20 . As the closure of K ATP channels by SU is ATP-dependent 21 , it seems likely that the combination of a GLP-1R agonist and an SU would be more effective at stimulating insulin secretion than a GLP-1R agonist alone.
We have recently shown that active GLP-1 levels after meal ingestion are extremely low in healthy Japanese subjects and Japanese patients with type 2 diabetes . This could be expected to counter postprandial hyperglycemia, a feature of type 2 diabetes, even at an early stage, in Japanese type 2 diabetes patients.
Liraglutide appears to have a positive impact on pancreatic glucoregulatory function, as shown by the trend to a reduction in fasting and postprandial glucagon levels. Trial A, in particular, showed significant glucagon reductions with liraglutide treatment compared with glibenclamide, and a similar trend was observed in trial B, despite not achieving significance. The absence of significance in trial B might be related to the long-term use of SU, which are reported to increase prandial glucagon levels 24 . Therefore, in patients receiving combination therapy with liraglutide and an SU, the observable effect on glucagon levels would be attenuated as a result of the opposing effects each agent has on glucagon secretion.
In type 2 diabetes, normal suppression of glucagon after a meal is blunted, resulting in hyperglucagonemia and increased hepatic glucose production in many patients, thus exacerbating hyperglycemia 25 . Therefore, counter-regulatory responses affecting glucagon secretion are impaired in these patient groups, and larger, more focused studies using appropriately matched patient groups will be required to unambiguously determine the effect of liraglutide on glucagon secretion.
Liraglutide promotes b-cell preservation in animal studies, increasing b-cell mass in rodents and inhibiting b-cell apoptosis in vitro 12, 26 . In our studies, liraglutide significantly increased ª 2012 Asian Association for the Study of Diabetes and Blackwell Publishing Asia Pty Ltd HOMA-B relative to both baseline and the comparators. In trial A, HOMA-B measurements with 0.9 mg liraglutide and glibenclamide were significantly improved from baseline. These results were also in accordance with a previous monotherapy trial (LEAD-3) carried out in a predominantly Caucasian population 16 . Although liraglutide did not outperform glibenclamide regarding improvements in HOMA-B, it is encouraging to observe that it can be as equally effective as such a potent and widely used insulin secretagogue 27 . Consistent with this finding, Madsbad et al. 28 reported a significant improvement from baseline in HOMA-B with 0.75 mg liraglutide (23.6%), which was similar to that observed with glimepiride (1-4 mg, 24.6%) in 193 Caucasian type 2 diabetes patients. The magnitude of the liraglutide-associated increase in HOMA-B from baseline in the present study (in the order of 90-100%) was greater than that shown in other studies in mainly Caucasian study populations. In another study, treatment with liraglutide increased HOMA-B relative to baseline by approximately 30% 29, 30 . During liraglutide treatment, the fasting proinsulin:insulin ratio was decreased. This might suggest improved processing of insulin in the b-cell, possibly as a result of a more appropriate pattern of insulinotropic action reducing overall b-cell stress. An elevated proinsulin:insulin ratio is a principal feature of type 2 diabetes and pre-diabetes 31 , and shows b-cell dysfunction 32 . Hyperproinsulinemia might be caused by increased demand on the b-cells (during hyperglycemia and as a consequence of insulin resistance), increasing the release of incompletely processed granules containing proinsulin. Alternatively, it is suggested that the increased proinsulin concentration might be a result of an intrinsic b-cell defect in type 2 diabetes 32 . The improvement in proinsulin:insulin ratio with liraglutide relative to SU therapy might reflect the different modes of action of the two agents. While both enhance insulin secretion from b-cells, liraglutide's effect appears to be glucose-dependent, and hence predominantly a postprandial effect, whereas that of the SU appears more or less continuous, leading to increased b-cell stress and, potentially, an increased rate of b-cell apoptosis 33 . Taken together, the results from the present report suggest that treatment with liraglutide is at least as effective in Japanese patients with type 2 diabetes as in comparable populations. Despite the fact that the insulin secretory capacity of the b-cells in Japanese type 2 diabetes patients might be substantially more impaired than in other populations, there appears to be sufficient b-cell mass to preserve significant capacity for a glucose-dependent insulin secretory response to liraglutide. This could indirectly show that the decreased insulin secretion seen in this population is more a consequence of impaired b-cell function than lost b-cell mass. The reported improvement in parameters of b-cell function and glucoregulation provides scope for optimism that the therapeutic effects of liraglutide could be sustainable with long-term therapy, possibly retarding the eventual decline in b-cell secretory function that typifies SU therapy. This remains to be established in long-term studies.
